Single-nucleotide polymorphism (SNP) was one-base variations in DNA sequence that can often be helpful to find genes associations for hereditary disease, communicable disease and so on. We developed a high throughput SNP detection system based on magnetic nanoparticles (MNPs) separation and dual-color hybridization or single base extension. This system includes a magnetic separation unit for sample separation, three high precision robot arms for pipetting and microtiter plate transferring respectively, an accurate temperature control unit for PCR and DNA hybridization and a high accurate and sensitive optical signal detection unit for fluorescence detection. The cyclooxygenase-2 gene promoter region −765G > C polymorphism locus SNP genotyping experiment for 48 samples from the northern Jiangsu area has been done to verify that if this system can simplify manual operation of the researchers, save time and improve efficiency in SNP genotyping experiments. It can realize sample preparation, target sequence amplification, signal detection and data analysis automatically and can be used in clinical molecule diagnosis and high throughput fluorescence immunological detection and so on.
INTRODUCTION
Single nucleotide polymorphisms (SNP) were the most abundant form of genetic variation in the human genome, accounting for more than 90% of all variations between individuals. 1 Especially, with the completion of Human Genome Project (HGP), the research on human genetic information has been changing from the study of DNA sequences with explaining the genetic information to the study of biological function in molecular level to make better protection for human life. 2 3 In this process, whether in the need of a rapid diagnosis of infectious diseases, or mass census to the major diseases which have heavy damage on public health, researchers need to deal with multiple gene mutational loci of a large number of samples, which may amount to thousands from patients and the control samples in some cases. [4] [5] [6] Therefore, it is extremely necessary to develop a detection platform on nucleic acid suited to clinical application with high efficiency, * Author to whom correspondence should be addressed. rapidness, multiplex samples, multiple polymorphous loci and high throughput.
Several SNP genotyping methods for disease-associated studies requiring large sample sizes have been developed, such as TaqMan, 7 molecular beacons, 8 pyrosequencing and oligonucleotide ligation assay, 9 10 and mass spectroscopy.
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But these technologies have some shortcomings. The existing technology platform for bio-chip or microtiter plate technology can achieve high throughput genotyping detection, but unable to complete the high parallel sample preparation and processing automatically. This paper introduced several technologies, including high throughput magnetic separation, accurate temperature control, micro-volume pipetting and high precision fluorescent signal detection, and these technologies were efficiently combined to develop the high throughput SNP detection system based on MNPs separation. The whole system was formed by integrating all each subsystems under the coordination of system control software and can realize the whole process of high integration and automation including nucleic acid sample preparation, target sequence amplification, nucleic acid hybridization and signal analysis.
MATERIAL AND METHOD

Materials and Instruments
The cyclooxygenase-2 (COX-2) promoter polymorphism −765G > C were selected as targets. The sequences of all oligonucleotides including PCR primers, allele-specific dual-color probes and simulated targets used in this study were shown in Table I . All oligonucleotides were synthesized and purified by Shanghai Sangon Biologic Engineering Technology and Service Co. Ltd., (PR China). The saline sodium citrate (SSC), sodium-dodecyl sulphate (SDS) and phosphate buffer (PB) were bought in Sigma-Aldrich Co. LLC. (USA). Hybrid liquid and streptavidin were purchased in Shanghai Sangon Biologic Engineering Technology and Service Co. Ltd., Taq DNA polymerases belonged to Promega products (USA). The whole blood DNA extracted kit for MagExtractorgenome was bought in Nanjing Longliang biological technology Co. Ltd., (PR China). Most chemicals used were of analytical grade from Shanghai Chemical Reagent Co. Ltd., (PR China). Peripheral bloods of 48 different healthy chinese persons participating in the medical examination were obtained from the third hospital of Xuzhou (Xuzhou, China) and were processed with Ethylene Diamine Tetraacetic Acid (EDTA) anticoagulation. Detection of the fluorescence signals was performed on the Synergy HT (BioTek, USA). Weight of solution was checked using BSA124S (Sartorius, Germany). Temperature detection was done through TES-1300 (TES Electrical Electronic Corp., Taiwan).
Method
The related SNP key detection technology in this system includes the SNP detection technology based on MNPs separation and dual-color hybridization or single base extension. According to these key detection technology and detection strategies, including high throughput SNP genotyping method with dual-color fluorescence, 12 high throughput SNP genotyping based on solid-phase 13 14 high throughput SNP genotyping on gold magnetic nanoparticle array, 15 high throughput SNP genotyping using adaptor PCR, 16 high throughput immunological methods based on magnetic nanoparticles and chemiluminescent, [17] [18] [19] [20] [21] [22] [23] this system may complete all operations about the key detection technology, such as liquid pipetting, heating and cooling, fluorescence signal detection and so on. Furthermore it could realize full-automatic detection from sample extraction, target sequences amplification and purification and signal detection to result analysis. So the system was divided into two parts including high throughput biological sample processing and high throughput biological sample analysis. Three functional modules were contained in the section of high throughput biological sample processing, including high throughput magnetic separation system, microvolume pipetting system and accurate temperature control system. Another section contained a high throughput fluorescent signal detection system and SNP data processing. The whole system was formed by integrating all those subsystems under the coordination of system control software and it can realize the whole process of high integration and automation including nucleic acid sample preparation, target sequence amplification, nucleic acid hybridization and signal analysis. The functional diagram of this whole system was shown in Figure 1 .
Magnetic Separation Unit Design
Under the controlling of the system software, the high throughput magnetic separation system can realize the rapid magnetic separation of samples in specified 96-well plates. It consisted of three parts: a three-axis rectangular robot arm, a MNPs separation unit and a microtiter plate transfer mechanism. The MNPs separation unit can achieve the requirements of rapid MNPs separation of the sample in 96-well plates. Combined with the three-axis rectangular robot arm, the microtiter plate transfer mechanism can transfer 96-well plate between the MNPs separation unit and other operating platform.
In comparison with the usual magnetic separator, this MNPs separation unit added a removable bracket. Through adjusting the height of the bracket according to different types of centrifugal tube or 96-well plate, the magnetic materials can be attached to the side wall rather than the bottom of microtiter wells. This design can use less of magnetic materials during the automatic removal of supernatant after magnetic separation. So the accuracy of mechanical displacement and the homogeneity of magnetic field intensity had less influence on magnetic separation. The magnetic separation speed was higher than other separators because the magnetic steel was closer to the sample.
High Accuracy Temperature Control Unit Design
As the temperature of PCR thermal cycle ranged from 0 C to 100 C and the required accuracy of temperature was below 0.3 C, PT100 was selected as the temperature sensor. To acquire more accurate temperature, several analog and digital approaches were available for compensating a PT100 for nonlinearity and the effect of connecting wires. There were three connecting approaches of PT100 including two wires, three wires and four wires. A twowire approach affected measurement accuracy by adding resistance in series with the PT100 and will not be used generally in practical applications. A three-wire approach can compensate the wire resistance by an additional third wire to the PT100. But the only restriction of this approach was that the main connecting wires had the same characteristics. Compared with three-wire approach, a four-wire approach enabled Kelvin sensing, which eliminated the effect of voltage drops in the two connecting wires and could achieve higher accuracy. So the four-wire approach was adopted in the temperature detection circuit, showing in Figure 2 .
The accuracy of the current source which was supplied by AD7792 was usually not very high (about 5%) and would affect the temperature accuracy. In this circuit, the AD7792 inside current source flowed through a high precision resistor and this voltage was used as the AD converter outside reference voltage. So the value of current source can be divided out in the process of calculating the PT100 resistance. In this way, the temperature was only affected by the accuracy of precision resistor which is nearly about 1‰, rather than the accuracy of current source. The heating up and cooling module was realized with peltier effect which had function of calefaction and refrigeration to control the temperature up and down. Heat generated by current flowing in one direction was absorbed if the current was reversed. Through a complex control algorithm combining fuzzy incremental PID control with the Bang-Bang control, 24 this system can realize precise temperature control for the samples in a 96-well plate. Thus this system can complete the hybridization of nucleic acid, the amplification of target sequence and so on.
Micro-Volume Pipetting Unit Design
Micro-volume pipetting system was able to complete a series of practical operations such as adding reaction reagents to the reaction plate, washing and mixing magnetic particles, installing and removing disposable tips. As showed in Figure 3 , based on the air cushion pipette principle, an eight-channel micropipet system was developed and can realize the accurate transfer of the microvolume liquid in the process of nucleic acid detection. Through controlling the inner piston movement precisely using servo motor according to different types of liquids, this system was convenient for a fixed or adjustable volume of liquid pipetting.
Furthermore, the influences of the ambient temperature, atmospheric pressure and humidity on the precision of pipetting can be reduced by improving the structure of the micropipet system and adopting the adaptive compensation algorithm. A double O-ring was designed to make combination more tightness and thus to reduce uncertain error. The experimental results indicated that this design can make the accuracy less than 1% of set value.
Combined with the three-axis rectangular robot arm controlled by servo motors, this system can realize liquid transfer operation among different platforms. A manipulator which was installed on the robot arm was driven by servo motor and could finish grabbing, placing and moving 96-well plates with the help of position sensors and contact sensors.
Optical Signal Detection Unit Design
A high throughput fluorescence signal detection system was developed, which can realize fluorescence signal detection of the reagent in given wells of microtiter plates. The principle diagram of fluorescence detection unit was shown in Figure 4 . The excitation light source of Cyanine-3 (Cy3) used a high-brightness kelly green Light Emitting Diode (LED) which wavelength was about 535 nm. In the same way, the excitation light source of Cyanine-5 (Cy5) used a high-brightness red LED whose wavelength was about 630 nm. Light from the highbrightness LED should be focused by the suitable lens, and then can be used as excitation light for Cy3 or Cy5. Because of the monochromaticity of LED was available for fluorescence excitation, the system can avoid using the expensive optical filters and reduce the cost greatly. A Y -shaped optical fiber was designed as optical path to avoid the use of dichroscope and other devices. It will simplify the system structure and improve the detection sensitivity of the fluorescence signal.
When sample in certain holes of a 96-well plate used for Enzyme-Linked Immunosorbent Assay (ELISA) was excited, the fluorescent emitted by sample was converged through the lens and then transmitted through the Y type optical fiber. At last, the fluorescent signal which gathered again through the lens and a color filter entered into the photomultiplier tubes (PMT) and transformed into electrical signals. After the follow-up signal processing, the relative intensity of fluorescence value of this well was obtained. The 96-well ELISA plate was moved by stepper motor, so that the excitation light radiation to the next hole, and then get the fluorescent value of the well in the same way. After repeating the above steps, fluorescent value of the entire ELISA plate could be read.
The criteria of the detection results of biological macromolecules was proposed, including the valid range of SNP signal intensity, the threshold value which determined positive and negative signals, the criteria of three genotypes and so on.
We defined the signal intensity factor I and the genotyping of factor G to determine the genotyping results of the sample. The signal intensity factor I can be expressed as I = l g (signal (Cy3+Cy5)) and the genotyping of factor G can be expressed as G = signal (Cy3)/signal (Cy3+Cy5).
By analysis of a large number of samples genotyped, when the value of the relative fluorescence intensity of the sample greater than 1000, which means the value of factor I was greater than 3 and the signal intensity of sample was affirmed as the meaningful value. Otherwise, the signal intensity was too low to confirm as meaningless value. In the aspect of genotyping distinction, the G value of the wild-type samples was close to 1, and the mutant type was close to 0, while the heterozygous type was close to 0.5.
Genomic DNA Extraction from Whole Blood
Whole-blood samples were obtained from 48 adult patients in the third hospital of Xuzhou with their informed consent. Genomic DNA was purified using a reagents kit for nucleic acid purification (MagExtractor-genome, China, Longliang) and the developed high throughput SNP detection system.
The 96-well microtiter plate loaded with 30 L anticoagulant whole blood was put into high throughput SNP detection system. The DNA extracted kit MagExtractorgenome and sufficient tips were also put into this system at the same time, and then the experiment was started under the software control. The specific procedure was shown as Figure 5 : 30 L lysis buffer and 6 L protease K from the whole blood DNA extracted kit MagExtractor-genome were added into the microtiter plate respectively by eightchannel automatic liquid pepetting instrument. After mixed the reagent, the microtiter plate was transferred to the temperature control unit by the manipulator. The microtiter plate sustained for 20 min in the temperature of 56 C waiting for cell lysate. Then 90 L magnetic nanoparticles suspension mixed with binding buffer in the kit were added into the microtiter plate and waited for 5 min. Then the microtiter plate transferred to the magnetic separation unit for magnetic separation. The magnetic nanoparticles were washed one time with 200 L of clean buffer I and twice with 200 L of clean buffer II to clean the magnetic nanoparticles. Then the magnetic nanoparticles were dried in the air for 5 min. At last, 30 L eluent from the kid was added to the microtiter plate and mixed with magnetic nanoparticles. Then transfer the microtiter plate to the temperature control unit under the temperature of 65 C for 5 min. After magnetic separation again, the supernatant was transfer into a new 96-well microtiter plate and then get the exacted genomic DNA.
PCR
The reaction system for polymorphic loci COX-2 promoter region−765G > C amplification was 30 L, including 3 L of the PCR buffer (10×), 2 L of Mg 
Hybridization and Analysis
After PCR amplification, 80 g of streptavidin modified magnetic nanoparticles were added to each reaction hole and mixed. After 15 minutes, the 96-well microtiter plate was transferred to magnetic separation unit for magnetic separation, then was moved back to temperature control unit after supernatant was discarded and 50 L PB (0.1 mmol/L) was added. The mixture was degenerated at 95 C for 5 mins, temperature was rapidly dropped to 0 C, and kept for one minute before the samples were moved to the magnetic separation unit. Then MNPs were washed twice with 50 L of PB (0.1 mmol/L). Finally, the single-stranded DNA-magnetic nanoparticles (ssDNAMNPs) were acquired.
30 L of hybrid system was prepared and added into the microtiter plate filled with ssDNA-MNPs, which included 3 L of fluorescent probes labeled by Cy3 and Cy5 (both 10 mmol/L), 9 L of hybrid liquid and 15 L of double distilled water (ddH 2 O). The microtiter plate was moved to the temperature control unit by robot arms after mixed and hybridization at 40 C for 1 h with mixing every 15 minutes. After hybridization, the duplex DNA-MPs complexes were washed 3 times successively with 2 × SSC-0.1% SDS, 0 1×SSC-0.1% SDS and 3×SSC respectively. After washing, MNPs were suspended in 20 L of 3 × SSC solution and then keep degeneration at 95 C for 5 min. 50 L of supernatant was transfer to a new 96-well ELISA plate with black and opacity. Followed, the plate was transferred to fluorescent detection unit for scanning respectively under Cy3 mode and Cy5 mode. Two images and the corresponding fluorescence value in each hole of 96-well ELISA plates were gotten and analyzed by software to get the genotyping image of samples. The data obtained from the 96-well ELISA plates were further processed by system software to obtain the genotyping results according the SNP genotyping criteria mentioned above.
RESULTS AND DISCUSSION
Development of a High Throughput SNP
Detection System Based on Magnetic Separation
Magnetic Separation Experiment
In order to detect the actual separation effect of the magnetic separation bracket, 120 L of MNPs (1.0 mg/mL) were added to each hole in the 96-well microtiter plates with fully mixing. Figure 6 (a) showed that the MNPs suspended in solution of the microtiter plates after adding samples and before magnetic separation. Figure 6 (b) showed that MNPs had deposited to the side wall in the magnetic field after 20 s. At the same time, we also noted the bottoms of reaction wells without magnetic particle, which has testified that this method greatly reduced the loss of MNPs when pipetting liquid for samples. Experimental results showed that the system could achieve the expected requirements for magnetic separation with its relative speediness and ideal agglomeration position of particles after magnetic separation.
High Accuracy Temperature Control Experiment
In order to assess the feasibility and performance of the proposed system, the temperature accuracy detection experiment was done. At first 95 C representing the higher temperature and 37 C representing the lower temperature were checked. The temperature of this unit was measured by TES-1300 every other minute after it was stable at the set temperature. Each measurement was repeated thrice and each temperature was measured for 30 min. The experimental result of the high accuracy temperature control unit temperature was shown in Figure 7 . Both in higher and lower temperatures, the experimental data showed that the stability of temperature with the fluctuation level of 0.3 C was achieved over a period of 30 min.
Micro-Volume Pipetting Experiment
In order to validate the precision of the eight-channel automatic pipetting instrument, we sent different commands to one selected channel through the system software to control different displacement of servo motor and pipetted different volume of solution. The ddH 2 O (1 g/cm 3 ) was used as the experimental solution. Liquids in tips were weighted by precise analysis balance and the absorbed volume could be obtained according to the density conversion principle. The result was showed in Figure 8(a) . The absolute errors were all less than 0.5 L. It showed that the eightchannel automatic pipetting instrument had good linearity and accuracy.
On the other side, the uniformity of each channel in the eight-channel automatic pipetting instrument was also crucial for the whole system, so we sent a fixed command to all channels through the control software to control fixed displacement of servo motor to pipette fixed volume of solution. In the same way, the ddH 2 O (1 g/cm 3 ) was used as the experimental solution. Liquids in tips of each channel were weighted by precise analysis balance and the pipetting volume could be obtained according to the density conversion principle. The average of the volume of solution was calculated respectively and the experimental results were shown in Figure 8(b) . From the graph we could see the absolute error of all channels was within 1%, indicating a better uniformity of each channel.
Optical Signal Detection Experiment
The accuracy of the fluorescent detection unit was verified by the following experiment. Two groups of watersoluble solution with Cy3 fluorescent probe were prepared and each group contained six concentrations included: 0, 10, 20, 40, 60, 80 mg/mL. Two groups of solution were respectively detected on fluorescence detection unit and BioTek Synergy HT. The results were shown in Figure 9 , the formula of the fitting curve between the voltage measured by fluorescence detection unit and the value of the fluorescence intensity read through BioTek Synergy HT was: y = 14 123x −18 653 (x represented the voltage measured by fluorescence detection unit, y represented the value of the fluorescence intensity), while correlation coefficient was: R 2 = 0 9986. The results showed that the fluorescence detection unit was as higher accurate as the BioTek Synergy HT and can realize the SNP genotyping signal reading accurately.
Automated High Throughput SNP Genotyping
Genomic DNA Extraction from Whole Blood
According to Section 2.2.6, whole blood DNA experiment was performed on high throughput SNP detection system. After the whole blood DNA was extracted by extraction kit MagExtractor-genome automatically, the PCR amplification experiment was done in this system further. 10 samples were sampled randomly among these experimental samples and did gel electrophoresis experiment. The results were shown in Figure 10 .
In comparison with standard DNA molecular weight (Marker), at the position of 157 bp, the amplification results of 10 lanes had a very clear electrophoretic band. The weak bands below the primer-dimers and will not affect the experiment. The result showed that the biotin labeled PCR products which contained −765G > C locus was obtained successfully and can be used in the successive genotyping experiment.
High Throughput SNP Genotyping
After obtaining the Cy3 and Cy5 fluorescence signal intensity from the 96-well ELISA plates by this system and further processing the data by system software, we got the fluorescence signal scatter plot of 48 samples. As shown in Figure 11 , the X-axis coordinate was the value for each scanned point of the sample genotyping factor G, and the Y -axis for each scanned point of the sample signal intensity factor I.
In this figure, the fact that the value of factor I of 6 samples were not greater than 3 verified the samples genotyping signal intensity were meaningless. By examining the distribution of these six samples, we found that these six samples were located in one line of 96-well plate. Finally, we can make sure that one channel of eight-channel automatic pipetting instrument was ineffective and may lead to a larger error in the pipetting process, and then made the final fluorescence intensity lower. I value of other samples were all greater than 3 and showed that the sum of the relative fluorescence intensity of all the sample points were larger than 1000, far higher than the background value. In Figure 11 , all samples of the scatter plot chart clearly divided into three cluster, from left to right, with G < 0 2 of the first, 0 35 < G < 0 65 of the second, G > 0 8 of the third, all the value was in the definition range. It showed that the genotyping of samples was successful with mutant type (CC), heterozygous type (GC) and wild type (GG) from left to right. Therefore, the genotype of a large number of samples could be intuitively distinguished based on their genotyped factor G among three clusters. Figure 11 also showed that different samples scored different fluorescence intensities, this problem might be caused by the differences in concentration of PCR products from different samples. However, the fluorescence ratios were not influenced by this problem.
CONCLUSION
High throughput SNP detection system was developed to fulfill various requirements of SNP detection method, such as magnetic separation, temperature control and fluorescent signal detection and so on. This system was mainly composed by magnetic separation unit, high precision temperature control unit, fluorescent signal detection unit and mechanical arm unit. Combined with functional MNPs, the high throughput SNP detection system proposed in this paper can achieve automatic operation of the whole process of sample preparation, PCR, hybridization and fluorescence signal detection. This system had a simple structure, low manufacturing costs and was applicable to all levels of laboratories. With progress in the application of magnetic or other nanoparticles in biomedical scopes, we are promising a promotion of our developed technology platform.
